Spatially resolved GARField NMR has been used to follow the ingress of water 18 into previously dried Portland cement concrete and mortar samples. It is shown 19 that the amount of capillary water in the surface layers of different samples after 20 1 day of capillary absorption exceeds the amount found before drying but that 21 over the subsequent 7 days the amount of capillary water decreases once more, 22 even though the external source of water is maintained. The hydrate gel pore 23
Introduction 27
This paper presents experimental data that shows that the initial ingress 28 of water into previously dried cement based materials is accompanied by a 29 subsequent re-arrangement of the nano-scale porosity within which that water 30 resides. Such an observation is surprising, but lends support to earlier 31 observations of a sharp decrease in the capillary absorption rate of water into 32 dried cement based materials with time [1] [2] [3] [4] [5] . It also lends support to the idea of 33 C-S-H shrinkage followed by swelling when water egresses and subsequently 34 reinvades cement based materials [3] . 35 The observations have been made through spatially resolved 1 H NMR T2 36 relaxation time analyses of Portland cement mortars and concretes. The NMR 37 signal intensity is directly proportional to the amount of 1 H and hence water in 38 the sample. T2 is the NMR signal lifetime. For water in the pore spaces of 39 cementitious materials, it is well known that T2 correlates linearly with the pore 40 volume-to-surface ratio, that is with the pore size. Hence the T2 distribution 41 reflects the water filled pore size distribution [6] . In the case of never-dried, 42 hydrated white Portland cement measured at 1 H frequency of 7.5 MHz, separate 43 T2 components (from long to short) are normally seen representing water in 44 capillary pores (size > 0.1 m, T2 >10 ms, resultant from chemical shrinkage), 45 inter-hydrate spaces (circa 5-20 nm, 0.5-2 ms, containing original mix water still 46 available for reaction), hydrate gel pores (2-5 nm, 200-500 s) and hydrate 47 6 using, for the most part, 1 mm motor steps. The maximum profile length is 155 30 mm, the first 5 mm of which is above the sample surface, within the Perspex® 156 facing of the instrument. Data acquisition parameters were optimised for 157 maximum signal-to-noise ratio. The pulse length varied by depth. At each depth, 158 12 echoes were recorded with an echo spacing of 130 μs and 4k averages. Spot 159 measurements of T2 with enhanced signal-to-noise ratio were made 3 mm into 160 the wet surface. Data was acquired for 20 echoes with 16k averages. For the 161 laboratory GARField measurements at 23.4MHz, the pulse length was 6.5 μs, and 162 the echo spacing was 64 μs. 64 echoes were recorded with 2k averages at each 163 depth. The profile step was 1 mm in regions of interest; more for dry samples. 164
The repetition delay was 0.25 s for both systems, taking about 8.5 minutes to 165 record an echo train dataset for the laboratory GARField and about 1 hour for 166 the Surface GARField with enhanced signal-to-noise ratio. 167
The Surface GARField measurement was calibrated using saturated 168 sandstone of the same lateral dimensions as the concrete samples, 169 150  150 mm 2 . The sandstone was uniformly wet on this scale. A sandstone 170 profile was acquired with the same parameters as the concrete (pulse length, 171 pulse gap and motor step) though with double the number of averages. Also 172 more echoes were recorded. The signal amplitude decreases with depth due to 173 the decreasing sensitivity of the detector. The profile acquired from the 174 sandstone was used to compensate for this effect. Further, the sandstone that 175 had known water filled porosity was used to calibrate the porosity 176 measurement. The laboratory GARField was calibrated using both a saturated 177 sandstone core and a rubber reference sample, the latter used to correct for 178 pulse duration artefacts [18] . 179
NMR analysis 180
The sums of the intensities of echoes in CPMG trains recorded as a 181 function of depth were used to generate profiles. The use of echo sum improves 182 the signal to noise ratio of the profile, but at the cost of over emphasising the 183 long T2 components in the signal. In the case of concrete, where a single 184 exponential decay fitting was used (see below), the profiles were calibrated 185 against the sandstone taking into account the difference in relaxation time7 between sandstone and concrete. Hence a rough measure of filled porosity is 187 possible. 188
The first few echoes of a CPMG recorded in a strong field gradient such as 189
GARField are subject to systematic amplitude modulation [19] . In case of the 190 Surface GARField with concrete samples, the first echo was never used and the 191 second echo was also disregarded for T2 analysis. In the case of the laboratory 192
GARField and mortar samples, the echo amplitudes were corrected using a 193 rubber reference. The average of 11 depth resolved slices was used for 194 exponential fitting in order to improve the signal to noise ratio. 195
GARField data is generally of lower signal to noise ratio than that 196 acquired for bulk samples using homogeneous magnets. Therefore inverse 197
Laplace transformation cannot be used to discover the T2 distribution. In the 198 case of concrete samples measured using the surface GARField, the data was fit 199 The second observation is that the echo sum intensity is greater after 1 day of 243 capillary absorption than it is in the never-dried sample. The third observation is 244 that after the first day of capillary absorption, the echo sum intensity decreases 245 back down towards the pre-drying level across the top 15 mm. The essential 246 feature of a maximum in the echo sum data after about 1 day of capillary 247 absorption has been observed in all of 20 concrete samples studied: 10 plain OPC 248 concretes and a further 10 made with added slag or silica fume that are not 249 explicitly reported here, but are detailed in [21] . 250
The data in Figure 1c In order to better quantify all the evaporable water in the samples, including the 301 gel pore water, further measurements were made on the mortar cylinders 302 exposed to water from one end using the laboratory GARField. It is possible to 303 use a shorter echo time (about half compared to the Surface GARField) and 304 hence record signal from smaller pores with shorter relaxation times. 305 Figure 5 shows the echo sum profile of water across the top 30 mm of a 306 sample cured underwater for 6 months (circles). A generally uniform water 307 distribution is observed. Also shown in Figure 5 is the profile of the same sample 308 after oven drying at 60°C for 14 days (crosses). All the readily evaporable water 309 is removed as evidenced by the almost total absence of signal. Water in 310 crystalline solids and in hydrate inter-layer spaces is not expected to be 311 observed in the mortar for the echo time used. During drying, the sample lost 312 6.15 g of water, equivalent to 16% of the overall sample volume. This volume of 313 water is consistent with the idea that gel and capillary pore water is lost, but that 314 inter-layer and water in crystalline solids remains. Based on Muller et al., the gel 315 and larger porosity in cement paste with 0.48 w/c, is about 40 % by volume [7] . 316
The w/c of the mortar was 0.5, very close to the 0.48 in paste especially as some 317 water is usually adsorbed on the fine aggregate surface. The paste content of 318 standard mortar is about 42 % by volume, therefore the gel and large porosity in 319 mortar is about 17 % comparable to the 16 % observed. 320
Finally, the figure shows the water profile after 24 hours of re-wetting by 321 contact with liquid water from the sample end in a capillary absorption 322 configuration (open squares). As evidenced by the NMR, water has completely 323 invaded this part of the sample once more. It shows a near uniform 324 concentration greater than that before drying. During this time the sample mass 325 increases by only 2.13 g presumably because the sample is not wetted along the 326 full 150 mm length. As an aside, the mass of the sample takes more than one 327 month to stabilise and we never observed it back to the original value. This may 328 be because a dynamic equilibrium profile is established with an evaporation 329 13 front partway along the sample length or because pore-blocking prevents water 330 penetration along the full sample length. The characteristic behaviour exemplified in Figure 5 was observed in 337 most mortar samples cured both sealed and underwater. However, in a few 338 samples, the water uptake did not pass through the full 30 mm in one day, but 339 rather slowed dramatically, perhaps due to pore-blocking. These samples have 340 not been included in the report of this work but are reported elsewhere, [21] . In 341 other samples cured with silica fume in the mix, the uptake was slower from the 342 start and did not traverse 30 mm in the first day, perhaps due to a finer porosity. 343
These too are presented elsewhere [21] . 344
As with the concrete, the echo sum trace does not properly reflect the 345 water content by mass because the T2 decay time is pore size dependent. 346
Moreover, it is not easily calibrated because the decay is multi-exponential. function of drying and re-wetting. It also shows the breakdown of the signal into 367 the short and long components of the fit. The baseline is typically 2 % of the 368 total, and is never more than 4 %, for mortar samples. As the baseline could be 369 associated with a long T2 decay, it has been added into the long component fit. showing total (black bars), short (grey) and long (white) components by time. 374 375 Consider first the underwater cured sample. Quite noticeably, save for the 376 dried sample (where the intensity is close to zero) the total intensity decreases 377 slightly from pre-drying, and through one day and beyond of capillary 378 absorption. What is also noticeable is that the total signal in the longer 379 components after 4 days rewetting is very similar to the pre drying value, 380 whereas at 1 day it is substantially greater. The fraction in the shorter 381 component behaves in the opposite way. It has a minimum at 1 day of capillary 382 absorption. Hence, while the total signal before drying and after 1 day of 383 rewetting are very similar, the distribution across the long and short 384 components is very different. The long component corresponding to larger pore 385 spaces is over represented after 1 day rewetting. After 4 days rewetting the 386 distribution has returned to that before drying. 387
In the case of the sealed cured sample, the same redistribution is still 388 there. However, now, after 1 day of rewetting, the increase in the short 389 component exceeds the decrease in the long component leading to an increasing 390 total. The experiment has been repeated for 5 different mortars: 2 cured 391 underwater and 3 cured sealed. These repeats have been used as the basis of the 392
